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, INTRODUCTION 

I 

The goal  of t h i s  s tudy was t o  examine t h e  abso rp t ion  c o e f f i c i e n t  of 
I 

s i l i c o n  i n  t h e  wavelength reg ion  from 0.5 t o  1 micron as a func t ion  of 

doping l e v e l  and c r y s t a l  damage i n  order  t h a t  s o l a r  c e l l  performance might 

be  b e t t e r  pred ic ted .  I n  t h i s  l i g h t  t h e r e  are several areas of i n t e r e s t .  

Among them a r e :  

1) Does t h e  heavy doping i n  the d i f f u s e d  l a y e r  cause 

absorp t ion  processes  which do no t  produce ho le -e l ec t ron  

p a i r s ?  I f  so ,  i t  could lead t o  an a l t e r n a t e  explana t ion  

f o r  t he  poor s h o r t  wavelength s p e c t r a l  response of ce l l s .  

2) Does t h e  heavy doping requi red  f o r  b u i l t - i n  e l e c t r i c  

f i e l d s  a f f e c t  t h e  e f f i c i ency  because of a l a r g e  f r e e  

car r ie r  absorp t ion?  (Since t h e  incep t ion  of t h i s  work, 

d r i f t  f i e l d  c e l l s  have been proven of l i t t l e  m e r i t ,  so  

t h e  importance of t h i s  aspec t  i s  now g r e a t l y  reduced.)  

What i s  t h e  e f f e c t  of t h e  s t r a i n  a s soc ia t ed  wi th  poly- 3) 

c r y s t a l l i n e  depos i t i ons  on t h e  abso rp t ion  process  and on 

t h e  e f f i c i e n c y  of hole-electron product ion? 

4 )  Does r e s i d u a l  damage l e f t  i n  t h i n  s i l i c o n  s o l a r  ce l l s  con- 

t r i b u t e  t o  t h e  decrease  of e f f i c i e n c y  w i t h  th ickness  which 

is  g r e a t e r  than t h a t  pred ic ted  by s imple theory? 
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EXPERIMENTAL PROCEDURES 

* 

The absv rp t ion  c o e f f i c i e n t  was c a l c u l a t e d  d i r e c t l y  f rom t ransmiss ion  

d a t a .  

E l m e r  Model E-1 monochrometer, a 0.38 t o  1.05 micron g r a t i n g ,  a Perkin-  

E l m e r  sample ho lde r ,  and a 1 2  v o l t  incandescent bu lb  w i t h  r e f l e c t o r  and 

c o l l i m a t i n g  l e n s  as a source.  

and w a s  used i n  i t s  double pass  mode w i t h  an  i n t e r n a l  chopper. 

t i n g  i n  t h i s  manner, the  s p e c i f i c a t i o n  quotes  t h e  p e r c e n t  l i g h t  s c a t t e r i n g  

i n  t h e  instrument  as pe rcen t .  

Op t i ca l  equipment used f o r  t h i s  purpose cons i s t ed  of a Perk in-  
# 

The monochrometer i s  a s i n g l e  beam instrument  

When opera- 

The d e t e c t i o n  system was an RCA type  7102 photomul t ip le r  (u sua l ly  

cooled t o  d r y  ice  temperature)  and a PAR Model HR-8 a m p l i f i e r  and phase 

d e t e c t o r .  I n  o rde r  t o  prevent  ground loops from in t roducing  spur ious  s i g n a l s  

i n t o  t h e  a m p l i f i e r  from t h e  monochrometer's i n t e r n a l  r e f e r e n c e  s i g n a l  genera- 

t o r ,  a 240 CPS l i n e  frequency synchronized chopper w a s  used and t h e  PAR 

r e f e r e n c e  s i g n a l  generated by quadrupling t h e  l i n e  frequency. 

S ince  t h e  instrument  i s  s i n g l e  beam, a sample i n  /sample out  t e s t  pro- 

cedure  w a s  used. Ord ina r i ly ,  sample ho lde r s  w i th  i d e n t i c a l  l i m i t i n g  aper -  

t u r e s  were used i n  p a i r s  s o  t h a t  the r a t h e r  f r a g i l e  samples d i d  n o t  have t o  

be  r epea ted ly  removed and rep laced  from t h e i r  ho lde r s  as t h e  frequency was 

t r ave r sed .  

The t h i n  samples requi red  were obta ined  by a v a r i e t y  of methods which 

are t abu la t ed  below. 

1. "Microweb" material from Dow Corning. These w e r e  a v a i l a b l e  i n  

miscel laneous th icknesses  g r e a t e r  than  15 microns,  and w i t h  

va r ious  r e s i s t i v i t i e s  between 0.1 and 200 n-cm.  

2 .  By d i r e c t  po l i sh ing ,  e i t h e r  mechanical o r  chemical,  t h e  whole 

s l i c e  t o  t h e  d e s i r e d  th ickness .  
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3 .  Chemically th inning  t h e  center  of a s l ice .  

4 .  By o r i e n t e d  overgrowth onto a sapph i re  s u b s t r a t e .  This  

l a t t e r  method has  some a t t endan t  p o t e n t i a l  d i f f i c u l t i e s  

# which w i l l  be  d iscussed  l a t e r  and so must be  used w i t h  

caut ion .  

Ca lcu la t ions  f o r  t h e  s i l i con-only  samples were made i n  a s t r a i g h t -  

forward manner from t h e  express ion .  

I/I, = (I-R)~ e-ax / I - R ~  e-2ax . 
Where R i s  t h e  s i l i c o n - a i r  r e f l e c t i o n  c o e f f i c i e n t ,  x i s  t h e  sample th i ckness ,  

and a t h e  abso rp t ion  c o e f f i c i e n t  of s i l i c o n .  I n  most i n s t a n c e s ,  because 

of t h e  l a r g e  va lue  of a, t h e  denominator w a s  assumed t o  b e  one. Values of  

r e f l e c t i v i t y  were obtained from T a f t  and P h i l l i p .  1 

For t h e  s i l icon-on-sapphire  samples, t h e  approximate expres s ion  

I/I, = 

was used where 

R1 = r e f l e c t i o n  

R2 = r e f l e c t i o n  

R3 = r e f l e c t i o n  

E r r o r s  

c o e f f i c i e n t  a t  the a i r - s i l i c o n  i n t e r f a c e  

c o e f f i c i e n t  a t  t h e  s i l i con - sapph i re  i n t e r f a c e  

c o e f f i c i e n t  a t  t h e  sapph i re -a i r  i n t e r f a c e  

Sources of e r r o r  i n  determining the abso rp t ion  c o e f f i c i e n t  appear  t o  

be predominately due to :  

1. Thickness v a r i a t i o n s  i n  the s l i c e  

2.  Minor v a r i a t i o n s  i n  r e f l e c t i o n  c o e f f i c i e n t .  

3 .  Ins t rumenta t ion  e r r o r .  

L i g h t  leakage and s c a t t e r e d  l i g h t  were assumed t o  be n e g l i g i b l e .  

(1 /I) Since a = (l / t)  In [  o ] , e r r o r  i n  the  measurement of  t l e a d s  
(1-R)2  
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immediately t o  a s imi l a r  s i z e  e r r o r  i n  a .  Thicknesses w e r e  determined by 

d i r e c t  measurement us ing  microscope and b i f i l a r  eyepiece;  by i n f r a r e d  

in t e r f e romet ry  us ing  a modified Beckman IR5A; and i n  t h e  case of depos i t i on  

on s,apphire, by s t e p  e t c h  and a Talysurf p ro f i lome te r .  For cases  where the  

th i ckness  w a s  uniform, th ickness  measurement e r r o r  should not  exceed 5%. Un- 

f o r t u n a t e l y ,  i n  t h e  p re sen t  s tudy non-uniform f i lms  probably con t r ibu ted  

more i n  some c a s e s ,  and i n  add i t ion  i s  cons iderably  less  amenable t o  de- 

te rmina t ion  s i n c e  it w i l l  vary  from sample t o  sample. E f f o r t s  were made t o  

minimize t h e  e f f e c t  by examining the f i lms  under t r ansmi t t ed  l i g h t  w i th  an 

o p t i c a l  microscope and choosing regions f o r  measurement which appeared to 

have uniform t ransmiss ion  c h a r a c t e r i s t i c s .  

Minor v a r i a t i o n s  i n  r e f l e c t i o n  c o e f f i c i e n t  and e r r o r s  i n  i n t e n s i t y  

readings  can b e  lumped toge ther  and considered i n  t e r m s  of t h e  e r r o r  produced 

i n  t h e  (absorp t ion  c o e f f i c i e n t )  - ( th ickness)  product  de te rmina t ion  ve r sus  

t h e  r a t i o  of I t o  Io. I n  gene ra l  t h i s  i n d i c a t e s  t h a t  as a decreases ,  t 

must i nc rease  i n  o rde r  t o  maintain a cons tan t  e r r o r .  However, s i n c e  one of 

t h e  goa l s  of t h i s  s tudy  was t o  observe a given sample over  a wide range of 

abso rp t ion  c o e f f i c i e n t s ,  v a r i a t i o n s  i n  t were minimized. It i s  t h e r e f o r e  

of i n t e r e s t  t o  cons ider  what e f f e c t  f i xed  e r r o r s  i n  de te rmini  7 ;  I/Io (which 

may b e  due e i t h e r  t o  instrument e r r o r s  o r  v a r i a t i o n s  i n  s u r f a c e  r e f l e c t i o n )  

have on t h e  a t  products  as a t  i s  var ied.  This i s  i l l u s t r a t e d  i n  F igu re  1 

f o r  t h e  s p e c i f i c  case of a n  e r r o r  of I of *5%. A 5% instrument  e r r o r  i s  

about  t h e  smallest t h a t  could b e  expected. Thus, f o r  a sample th ickness  

of 10 microns, a must be  g r e a t e r  than 400 f o r  a t o t a l  e r r o r  of l e s s  than  10%. 

However, f o r  a 100 micron samplz,alphas of above 40 could be  determined t o  

t h e  same accuracy.  It i s  be l ieved  t h a t  t h i s  i s  t h e  r eason  f o r  t he  wide 

v a r i a t i o n  i n  va lues  i n  t h e  long wavelength reg ion .  
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EXPERIMENTAL DATA 

The d a t a  takep. can be  l o g i c a l l y  d iv ided  i n t o  t h r e e  c a t e g o r i e s ,  t h e  

r e s u l t s  of which are  shown i n  Figures 2 ,  3, 4 ,  and 5 .  The f i r s t  ca t egory ,  

as r ep resen ted  by Curve C of Figure 2 ,  i s  a re-examinat ion of t h e  absorp-  
I 

t i o n  c o e f f i c i e n t  of r e l a t i v e l y  pure s i l i c o n  w i t h  damage f r e e  s u r f a c e s .  

Curves A and B are two sets  of prev ious ly  publ i shed  d a t a  and are included 

f o r  comparison.*s3 For wavelengths s h o r t e r  t han  0 .9  microns t h e  new d a t a  i s  

approximately 20% lower than  e i t h e r  of t h e  o t h e r s ,  

f o r  t h i s  d i screpancy  p r e s e n t  themselves. 

measured. S ince  i t  i s  r e a l l y  an  absorp t ion  c o e f f i c i e n t  th ickness  product  

t h a t  i s  exper imenta l ly  determined, a cons t an t  th ickness  e r r o r  would cause  

Severa l  p o s s i b l e  reasons  

One i s  t h a t  t h e  th ickness  was m i s -  

a c o n s t a n t  abso rp t ion  e r r o r .  

7 t o  100 microns as measured var ious ly  by I . R .  i n t e r f e romet ry ,  Ta lysu r f ,  

C a l i b r a t e d  microscope eyepiece,  and movable s t a g e  t o o l  makers microscope. 

It does no t  t h e r e f o r e  seem l i k e l y  t h a t  t h i s  i s  t h e  problem. However, t h e  

Present  d a t a  covers  t h i ckness  ranges from 

l i t e r a t u r e  d a t a  were taken a t  d i f f e r e n t  t i m e s  i n  d i f f e r e n t  l a b o r a t o r i e s  s o  

i t  i s  doub t fu l  t h a t  they would both have made t h e  same th ickness  e r r o r .  

Examination of  t h e  curves a l s o  shows t h a t  i f  t h e  wavelength s c a l e  were 

s h i f t e d  approximately 0.02 microns, t h e  d a t a  would ag ree  q u i t e  we l l .  

o r d e r  t o  check t h i s  p o s s i b i l i t y  the c a l i b r a t i o n  of  t h e  spectrometer  used i n  

t h i s  s tudy  w a s  checked a f t e r  the experiments w e r e  completed and w a s  found t o  

b e  i n  o rde r .  

ance  of a lpha  could produce a s h i f t ,  b u t  t h i s  a l s o  appears  u n l i k e l y ?  

has  been shown t h a t  i n  t h e  c a s e  of G a A s ,  s t r a i n  i n  t h e  c r y s t a l ,  induced 

either by thermal mismatch w i t h  a s u b s t r a t e ,  o r  due t o  c u t t i n g  and p o l i s h i n g  

damage, can inc rease  t h e  absorp t ion  c o e f f i c i e n t  4 .  

I n  

Dispers ion  e f f e c t s  caused by wide s l i t s  and t h e  l a r g e  depend- 

It 

Both Dash and Newman2 

* For t h i s  ins t rument ,  t h e  s p e c t r a l  l i n e  width a t  0.5 microns is .005 microns 

f o r  t h e  maximum s l i t  width of 1 cm. 
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A - R e s i s t i v i t y  g r e a t e r  than G.01 ohm-cm 
B - 0.001 ohm-cm, boron doped, 56 microns t h i c k  
C - 7.3 micron sample a f t e r  a 24-hour, 1200°C 

D - 24 micron sample a f t e r  a 2-hour, 1200°C . 
boron d i f f u s i o n  

boron d i f f u s i o n  

A 

- 1  ______I  I I 1 .. - I 1 I 1 I -i_. -1 
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Fig.  3. E f f e c t  of Uoping on Absorption C o e f f i c i e n t .  
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Fig.  4 .  Absorption Coef f i c i en t  f o r  0.01 ohm-cm web a f t e r  a boron d i f f u s i o n .  
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Fig.  5. Effect of S t r u c t u r e  on Absorption C o e f f i c i e n t .  
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and Brauns te in ,  Moore and Herman used mechanical ly  pol i shed  s u r f a c e s  

whereas t h e  p re sen t  work has ,been e i t h e r  w i t h  web (no s u r f a c e  process ing)  

o r  w i t h  chemical ly  pol i shed  sur faces  i n  which every  e f f o r t  w a s  made t o  re- 

move as much of  t h e  prev ious ly  mechanically induced damage as p o s s i b l e ?  
D 

It 

appears  l i k e l y  t h a t  t he  p re sen t  study used samples under less  s t r a i n  than  

t h e  prev ious  workers,  b u t  un fo r tuna te ly  t i m e  has  no t  permi t ted  d e f i n i t i v e  

experiments r e l a t i n g  a c t u a l  absorp t ion  c o e f f i c i e n t  changes w i t h  s t r a i n .  

The second category of experiments examined t h e  e f f e c t  o f  r e l a t i v e l y  

heavy doping on t h e  absorp t ion  c o e f f i c i e n t .  For wavelengths longer  than  

band edge, t hese  e f f e c t s  have been considered i n  detai15-7 and i n  genera l  

show a n  approximate squarelaw wavelength dependence and a n  i n c r e a s e  i n  

a lpha  w i t h  doping l e v e l .  F igure  3 shows t h e  h igh  p u r i t y  curve  from t h e  

previous  f i g u r e ,  t h a t  f o r  a 0.001 ohm-cm born doped sample (curve  B ) ,  a 

sample t h a t  had been boron d i f f u s e d . f o r  twenty-four hours  (curve  C ) ,  and a 

sample w i t h  a s h o r t  boron d i f f u s i o n  (curve D ) .  

microns t h i c k  and had a d i f f u s e d  l aye r  approximately 0.7 micron t h i c k  on 

each s i d e .  The "ef fec t ive"  absorp t ion  c o e f f i c i e n t  shown was c a l c u l a t e d  on 

t h e  b a s i s  of uniform composition and s o  i s  less than e i t h e r  curve  B o r  

curve  C .  

This l a t te r  sample was 24 

Curve B ,  and presumably any o ther  in te rmedia te  between i t  and Curve A, 

can  reasonably w e l l  be descr ibed  by adding t o  Curve A a component of a lpha  

due t o  f r e e  c a r r i e r  absorp t ion  which can b e  measured i n  t h e  longer  wave 

l e n g t h  reg ion  and assumed t o  vary  as wavelength squared. 

material w i t h  approximately lo2' boron atoms /cc. 

boron i n  t h e  material of Curve C is somewhat non-uniform and has  a 

s u r f a c e  concent ra t ion  of between 5 and 1 0 ~ 1 0 ~ ~  atoms/cc. 

t h i s  curve  appears  somewhat d i f f e r e n t  than t h a t  of Curve B and may be due t o  

Curve B r e p r e s e n t s  

The concen t r a t ion  of  

The behavior  of 

* For a summary of d a t a  used f o r  Curve C y  see Appendix I. 
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s u r f a c e  l a y e r  of varying o p t i c a l  p rope r t i e s .  

i s  i l l u s t r a t e d  by t h e  d a t a  of Figure 4Awhich shows t h e  abso rp t ion  c o e f f i c i e n t  

f o r  one sample of web which presumably had a two hour 12OO0C boron d i f f u s i o n .  

The p o s s i b i l i t y  of  t h e  l a t t e r  

No o t h e r  samples were found t o  show t h i s  behavior ,  b u t  t h i s  p a r t i c u l a r  sample 

w a s  measured s e v e r a l  t i m e s  and d i d  indeed have a n  e x t r a o r d i n a r i l y  h igh  ab- 

s o r p t i o n  c o e f f i c i e n t .  Examination a f t e r  a S i r t l  e t c h  showed excess ive  c rys t a l -  

ographic  damage. Viewed through crossed i n f r a r e d  p o l a r i z e r s  no excess ive  

s t r a i n  w a s  no ted ,  however, such an instrument  i s  very  i n s e n s i t i v e .  

t ransmiss ion  microscopy showed a mul t i tude  of opaque "dots" which d i d  not  

Opt ica l  

appear  t o  have blocked o f f  enough area t o  g ive  r i s e  t o  t h e  l a r g e  apparent  

abso rp t ion  c o e f f i c i e n t .  

a n  a lpha  based only  on t h e  supposed 1 .5  microns of d i f f u s e d  l a y e r  (wi th  the  

Figure 4 ,  Curve B ,  shows t h e  r e s u l t s  of c a l c u l a t i n g  

remainder of t h e  th ickness  having a normal abso rp t ion  c o e f f i c i e n t ) .  

b e  shown a l i t t l e  l a t e r ,  t h i s  very l a r g e  c o e f f i c i e n t  i s  no t  u n l i k e  t h a t  of 

a h e a v i l y  damaged'layer.  

As w i l l  

F igu re  5 conta ins  t h e  r e s u l t s  of t h e  t h i r d  ca tegory  of s t u d i e s .  This 

s e t  of  curves  shows t h e  e f f e c t  o f  p o l y c r y s t a l l i n e  s i l i c o n  on t h e  absorp t ion  

c o e f f i c i e n t .  Curve C i s  f o r  s i n g l e  c r y s t a l  o r i e n t e d  overgrowth onto  .a sap -  

p h i r e  s u b s t r a t e  and i s  v i r t u a l l y  the same as Curve C of F igure  2.  Curves A 

and B are  r e s p e c t i v e l y  f o r  a p o l y c r y s t a l l i n e  sample and an amorphous evaporated 

l aye r .*  

sample .8  

Germanium9 

of F igu re  4B shows a not  unreasonable agreement. 

Curve D i s  from t h e  l i t e r a t u r e  and r e p r e s e n t s  a p o l y c r y s t a l l i n e  

It should be noted t h a t  s i m i l a r  e f f e c t s  have been observed f o r  

and GaAs samples.1° A comparison of Curves B and D w i t h  t h a t  

*The s i n g l e  c r y s t a l  sample and the  p o l y c r y s t a l l i n e  sample were cour tesy  
D r .  W. T e f t e l l e r  of Texas Instruments Incorpora ted  and were depos i ted  from 
a s i lane-hydrogen mixture  a t  a temperature of 105OOC. 
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EFFECT OF FINDINGS ON SOLAR CELL CALCULATIONS 

Doping heavy enough t o  cause apprec iab le  f r e e  carrier abso rp t ion  i n  t h e  
8 

0.8 t o  1.0 micron r eg ion  w i l l  normally only  occur i n  t h e  d i f f u s e d  l a y e r  a t  the  

f r o n t  of t h e  ce l l .  

t o  t h i s  process  i s  q u i t e  small. For example, a l a y e r  t h i ckness  of one micron wi th  

Since t h e  l a y e r  i s  q u i t e  t h i n ,  t h e  number of photons l o s t  

an  abso rp t ion  c o e f f i c i e n t  of 800/cm w i l l  t r ansmi t  92% of t h e  t o t a l  i n t e n s i t y .  Fur- 

t h e r ,  s i n c e  wavelengths longer  than  0.8 microns account f o r  no more than  25% of 

t h e  t o t a l  photocurren t  c o l l e c t e d ,  t h e  t o t a l  r educ t ion  i n  c u r r e n t  due t o  t h e  absorb- 

i ng  l a y e r  w i l l  be less than  2%. I f  fo r  some reason  t h i c k e r  reg ions  of heavi ly  

doped material is used, then  t h e  e f f e c t  must be c a l c u l a t e d  f o r  t h e  p a r t i c u l a r  case. 

Of more s p e c u l a t i v e  i n t e r e s t  i s  t h e  p o s s i b i l i t y  t h a t  because of t h e  s o l a r  

c e l l  d i f f u s i o n ,  t h e r e  i s  an  extremely t h i n  l a y e r  formed which has  an abso rp t ion  

c o e f f i c i e n t  l i k e  t h a t  of F igure  4 r a t h e r  than  t h e  more t y p i c a l  one of F igure  3 .  

I f  t h i s  were s o ,  a l a y e r  0 .1  micron th i ck  would absorb a l a r g e  f r a c t i o n  of t h e  

photons of wavelength s h o r t e r  than  0.5 micron. By f u r t h e r  assuming t h a t  t h e  new 

abso rp t ion  process  does n o t  produce c a r r i e r s ,  a n  a l t e r n a t e  explana t ion  f o r  t h e  

l a c k  of s h o r t  wavelength s i l i c o n  s o l a r  c e l l  response i s  provided. (Present  theory 

presumes t h a t  t h e  phenomenon i s  due e i t h e r  t o  an  exceedingly s h o r t  l i f e t i m e  i n  the  

d i f f u s e d  layer'' o r  t o  t h e  e f f e c t  o f  the  b u i l t - i n  i n t e r n a l  f i e l d  of t h e  d i f f u s e d  

l aye r .12 )  

least ,  e x t e n s i v e  l a t t i ce  d i so rde r*  smears in t e rband  t r a n s i t i o n s  b u t  does n o t  neces- 

It should be noted however t h a t  t h e r e  is  evidence t h a t  f o r  germanium a t  

s a r i l y  i n t r o d u c e  any new abso rp t ion  processes .  9 

Th i s  same phenomenon of a n  alpha i n c r e a s i n g  as t h e  p o l y c r y s t a l l i n i t y  in- 

creases i s  a l s o  of cons ide rab le  i n t e r e s t  i n  p r e d i c t i n g  t h e  behavior  o f ' t h i n  

* For t h e  s p e c i f i c  case of d i f f u s e d  l a y e r s ,  t h e  p o s s i b i l i t y  of a h ighly  absorbing 

second phase such as s i l i c o n  boride o r  phosphide forming a t  t h e  s u r f a c e  should 

n o t  b e  r u l e d  ou t .  

-13- 



p o l y c r y s t a l l i n e  s i l i c o n  s o l a r  c e l l s .  

going from curve C t o  curve B of Figure 5 were due t o  a non-ca r r i e r  producing 

p rocess ,  then  c l e a r l y  p o l y c r y s t a l l i n e  c e l l s  could never  be as good as s i n g l e  cry- 

s t a l  on&, even i f  t h e  mobi l i ty ,  c a r r i e r  l i f e t i m e  and j u n c t i o n  q u a l i t y  were a l l  

I f  f o r  i n s t a n c e  t h e  a lpha  i n c r e a s e  noted  i n  

comparable. 

each p o l y c r y s t a l l i n e ,  s i l i c o n  would be  required t o  absorb t h e  ma jo r i ty  of t h e  s u n ' s  

energy. 

found t h a t  only material whose o p t i c a l  p r o p e r t i e s  c l o s e l y  approximated those  of  

s i n g l e  c r y s t a l s  w a s  u s e f u l  f o r  s o l a r  c e l l s ,  though t h e  reason f o r  f a i l u r e  w a s  a t t r i -  

buted  t o  t h e  very h igh  r e s i s t i v i t y  a lso a s s o c i a t e d  wi th  the  h igh ly  d isordered  and 

h igh ly  absorb ing  f i lm .  

A l t e r n a t e l y ,  i f  t h e  absorpt ion process  does gene ra t e  a carrier f o r  

However, i n  a r ecen t  s tudy  o f  gal l ium a r s e n i d e  s o l a r  cells'', i t  w a s  

One remaining i t e m  t o  be  considered is  t h e  e f f e c t  o f  t h e  somewhat reduced absorp- 

t i o n  c o e f f i c i e n t  a t  each wavelength on t h e  c a l c u l a t e d  cumulat ive abso rp t ion  curve.  

It w a s  o r i g i n a l l y  be l i eved  t h a t  t h e  lower abso rp t ion  c o e f f i c i e n t  d a t a  of F igure  2 

might p r e d i c t  an apprec i ab le  change i n  t h e  cumulative absorp t ion  curve t h a t  had 

p rev ious ly  been used f o r  c e l l  ca l cu la t ions .  

t h e  discrepancy between t h e  c a l c u l a t e d  and experimentally.  observed performance of 

t h i n  s i l i c o n  cells14. 

change would n o t  apprec iab ly  a f f e c t  those r e s u l t s .  

This i n  t u r n  could have helped e x p l a i n  

However, s p o t  computations have i n d i c a t e d  t h a t  t h e  measured 

CONCLUSIONS 

It is  concluded t h a t  t h e  d e t a i l s  of the r ev i sed  abso rp t ion  c o e f f i c i e n t  curve do 

n o t  d i f f e r  enough from previous  d a t a  t o  warran t  any re-examination o f  t h e o r e t i c a l  

s i n g l e  c r y s t a l  s o l a r  c e l l  behavior .  However, t h e  phenomenon of  a h ighe r  absorp t ion  

c o e f f i c i e n t  i n  small c r y s t a l l i t e  p o l y c r y s t a l l i n e  semiconductors could be f u r t h e r  

s t u d i e d  and might perhaps shed new l i g h t  on t h e  behavior  o f  p o l y c r y s t a l l i n e  photo- 

v o l t a i c  and photoconductive devices .  
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APPENDIX I 

A B C .D E .  F G H I 

0.45 

0.50 

0.55 

0.6 

0.65 

0.70 

0.75 

0.80 

0.85 

0.90 

0.95 

1.0 

1.05 

t 

3500 

2 350 

1500 

1100 

710 

4000 

250 

110 

75 

3000 2900 

2500 2100 

1400 1400 

89 0 890 

560 550 

330 320 

160 170 

57 61 

4.4 

4000 

2800 

1900 

1300 

880 

560 

340 

170 

70 

15,200 

13,300 

7,500 

4,200 

2,600 

2,000 

1,300 

860 

500 

250 

98 

3700 

2750 

1900 

1300 

820 890 

510 590 

300 360 

150 200 

60 77 

6.9 32 

4600 

2950 

2000 

1400 

9 10 

5 80 

350 

170 

78 

15,000 

13,000 

7,500 

4,100 

2,800 

2,000 

1,350 

880 

550 

330 

170 

67 

A - n-type web 200 Q-cm, 20 microns t h i c k .  
B - 62-cm boron doped 45.7 microns t h i c k  
C - R-cm p-type 45.7 microns t h i c k  
D - 4-6 Q-cm n-type, 15 microns t h i c k  
E - 4-6 52-cm n-type, 7.3 microns t h i c k  
F - 6 62-cm antimony doped web, 108 microns t h i c k  
G - 08 62-cm web p-type, 24.6 microns t h i c k  
H - re run  of G 
I - Values used f o r  curve C of F igure  1. 

11/16/67 
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